It has been suggested that ultrafine particles in urban air may cause the health effects associated with thoracic particles (PM10). We therefore compared the effects of daily variations in particles of different sizes on peak expiratory flow (PEF) during a 57-day follow-up of 39 asthmatic children aged 7-12 years. The main source of particulate air pollution in the area was traffic. In addition to the measurements of PM10 and black smoke (BS) concentrations, an electric aerosol spectrometer was used to measure particle number concentrations in six size classes ranging from 0.01 to 10.0 m. Daily variations in BS and particle number concentrations in size ranges between 0.032 and 0.32 m and between 1.0 and 10.0 m were highly intercorrelated (correlation coefficients about 0.9). Correlations with PM10 were somewhat lower (below 0.7). All these pollutants tended also to be associated with declines in morning PEF. However, the only statistically significant associations were observed with PM10 and BS. Different time lags of PM10 were also most consistently associated with declines in PEF. Therefore, in the present study on asthmatic children, the concentration of ultrafine particles was no more strongly associated with variations in PEF than PM10 or BS, as has earlier been suggested.
INTRODUCTION
Many recent studies suggest that current levels of particulate pollution in urban air are associated with respiratory morbidity and mortality and declines in lung function. In these studies, particulate matter has usually been measured as the mass of particles smaller than 10 m (PM10). The studies have recently been reviewed (Dockery and Pope, 1994; Brunekreef et al., 1995; Schwartz, 1995) . In general, the authors find a broadly consistent association in a large number of time-series studies for a number of related outcomes, such as respiratory mortality, hospital admissions (especially due to chronic obstructive pulmonary disease), symptom status, and pulmonary function (particularly peak expiratory flow). Two cohort studies (Dockery et al., 1993; Pope et al., 1995b) have also found an association between particulate pollution and cardiorespiratory mortality.
Particles in urban air are distributed in three distinct modes. The coarse mode has a median aerodynamic diameter around 5 m, the accumulation mode around 0.2 m, and the nuclei mode around 0.02 m (Walter, 1993) . Particles in the nuclei mode are formed by the condensation of atmospheric gases into primary particles and also in combustion processes. Ultrafine particles tend to aggregate fairly rapidly into larger particles and enter the accumu-lation mode. The coarse mode consists primarily of particles generated by mechanical processes. Particles smaller than 10 m are often called ''thoracic particles,'' particles smaller than about 2.5 m are called ''fine particles,'' and particles smaller than 0.1 m are called ''ultrafine particles.'' Relatively few studies have been able to examine different types of particles in order to pinpoint the type of particles most likely responsible for an association between PM10 and health effects. Prospective cohort studies suggest that the mass of particles smaller than 2.5 m (PM2.5) may be the most relevant, but other size cutoffs were not explored. Animal studies have showed that ultrafine titanium (Ferin et al., 1990 (Ferin et al., , 1992 and Teflon (Warheit et al., 1990) particles 0.02-0.03 m in diameter produce acute pulmonary toxicity and inflammatory reactions in rats. Based on these animal studies, it was recently hypothesized that the large number of ultrafine particles in urban air may be the explanation of the observed health effects of PM10 (Seaton et al., 1995) . Most studies on the health effects of PM10 have used data from urban areas in industrialized countries, where most of the particles originate from combustion processes, are acidic, and are predominantly very small (Seaton et al., 1995) .
Except for the preliminary report from a study in Erfurt (Peters et al., 1995 (Peters et al., , 1996 , there are no previous human data on the health effects of ultrafine particles. We report here on the association of the number concentrations of the ultrafine particles in the urban air with the lung function among asthmatic children. The data were collected in the spring of 1994 in connection with the PEACE study (Pollution Effects on Asthmatic Children in Europe) (Brunekreef, 1993) .
SUBJECTS AND METHODS
The study was conducted in Kuopio, a town of 80,000 inhabitants in eastern Finland. In this town, the main particle sources of air pollution are traffic, a peat-fired power plant connected to the municipal district heating system, and a corrugation cardboard mill, which is located 10 km north from the center of the town. Over 80% of the buildings around the downtown area are heated by the municipal district heating system, but 25% of the homes use in addition wood burning to help to heat their house during the coldest period of the winter.
Study Design and Subjects
A screening questionnaire was sent to parents of all 2995 children aged 7 to 12 years in five schools in the center of Kuopio and three schools in two suburbs of Kuopio (Brunekreef, 1993; Timonen et al., 1995a) . A total of 2564 (86%) questionnaires were returned, and 2554 children were aged 7-12 years. All children from four schools in the center and two schools in the other suburb reporting chronic respiratory symptoms, including chronic cough, were asked to participate in the PEACE study. These schools were chosen, because there were enough children needed for the PEACE study, and they were located closest to the air quality monitoring sites (Brunekreef, 1993) . A total of 197 children (86%, 100 in the center, 97 in the suburb area) agreed to participate and were characterized with skin prick tests and spirometry. During the followup, the children measured their peak expiratory flow (PEF) every day three times in the morning and in the evening, before taking any medication, with mini-Wright peak flow meter. All three PEF readings were noted in a diary, and the largest of these three readings was used for the analyses (Brunekreef, 1993) . At the same time, air quality was monitored continuously both in the center of Kuopio and the suburb.
A total of 57% of the children in the study had chronic cough as their only chronic respiratory symptom (Timonen et al., 1995b) . Several previous studies have suggested that asthmatic children are more susceptible to the effects of air pollution (Dockery and Pope, 1994; Pope et al., 1995a) . Preliminary analyses of the data showed that associations of particulates with PEF were restricted to children with asthmatic symptoms. These children reported either doctor-diagnosed asthma and/or wheezing and/or shortness of breath with wheezing during the past 12 months (Timonen et al., 1995b) . To allow a meaningful comparison of the associations of particle numbers, PM10 and black smoke (BS) with PEF, the present analysis includes only children with reported asthmatic symptoms. As particle size distributions were measured only in the center of Kuopio, only children living in the center of Kuopio were included. From a total of 45 asthmatic children living in the center of the town, 39 (18 girls and 21 boys) had filled in the diary on more than 60% of the possible days (Brunekreef, 1993) and were included in the present analyses. The present analysis covers the period from February 8, 1994 , to April 5, 1994 , with both valid PEF data (Timonen et al., 1995b) and data on particle size distributions.
The study protocol was approved by the Ethical Committee of the University of Kuopio and of the Kuopio University Hospital. Written consent was obtained from the parents of the children.
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Air Quality Measurements
All air quality measurements were done at the exactly same site in the center of Kuopio, at least 50 m from any of the surrounding streets Surakka et al., 1995; Reponen et al., 1996) . Particle size distributions were measured with an aerosol spectrometer (EAS), which is based on the electrical charging and the analysis of electrical mobility of aerosol particles (Mirme, 1994) . EAS enables analysis of particle sizes from 10 nm to 10.0 m in 12 consecutive size classes every 15 min. For the analyses, the 12 size classes were combined into 6 size classes by combining 2 adjacent classes. The cutoff points of upper diameters were 32 nm (PN0.010-0.032), 100 nm (PN0.032-0.10), 320 nm (PN0.10-0.32), 1.0 m (PN0.32-1.0), 3.2 m (PN1.0-3.2), and 10 m (PN3.2-10).
PM10 was collected with a single stage Harvard impactor (Marple et al., 1987) . BS was sampled according to the OECD protocol (OECD, 1964) . Gaseous pollutants were measured with continuously recording monitors: NO and NO 2 with chemiluminescence method (Monitor Labs 8840), SO 2 with UV fluorescence (Monitor Labs 8850), and CO with a nondispersive infrared monitor (Thermo Environmental 48). Concentrations of black carbon (BC) were measured with a computer-controlled aethalometer (Magee AE-9 Aethalometer) (Hansen et al., 1984) . Meteorological data (wind speed, wind direction, and temperature) were obtained from the municipal weather station network and the data on relative humidity from the weather station at the National Public Health Institute, Kuopio.
Filters for PM10 and BS measurements were always changed between 11 AM and 2 PM. Twentyfour-hour means were calculated also for the other pollutants and meterological parameters from noon to noon.
All the schools were located within 2.5 km from the monitoring site. During a typical day, the children spent 3 hr outdoors .
Statistical Methods
For each child, the mean of recorded morning and the mean evening PEF (up to 57 for each time) were first calculated. Next, for each child, the daily differences for morning and evening PEF from the respective means were calculated. Subsequently, the obtained individual daily differences for morning and evening PEF were averaged for the cohort of children. Finally, the resulting daily morning and evening mean PEF deviations (⌬PEF) were statistically analyzed. Association of ⌬PEF with particles were analyzed using a linear first-order autoregressive model in SAS (PROC MODEL) (SAS Institute, Inc., 1989) . In the analyses, each day was weighted by the number of children reporting a PEF value that day. Lag 0 was defined for both morning and evening PEF as the 24-hr period from the previous day noon to the noon of the day of the PEF measurement. The four-day average was calculated as the mean of lag 0-lag 3. First, a basic model was established to adjust for autocorrelation, time trend, weekends, and weather effects on ⌬PEF. The basic model included day, day 2 , day 3 , dummy for weekend, minimum temperature (lag 0), relative humidity (lag 0), and first-order autocorrelation. After these adjustments, residuals were found to be normally distributed and no time trends were observed. To this basic model, measures of particles were added one at a time. Main analyses were also repeated using the basic model employed in the PEACE study (Brunekreef, 1993) , adjusting only for autocorrelation, time trend, temperature, and the weekend/holiday effect and also adjusting further for other pollutants (NO 2 , NO, SO 2 ). These changes in adjustments had little effect on the estimated regression coefficients and are not reported separately. To allow comparison between the size of the estimated regression coefficients, all reported regression coefficients are calculated for interquartile range of each pollutant, i.e., difference between the 25th and 75th percentiles.
RESULTS
Of the total of 39 children, 21 (54%) had doctordiagnosed asthma, and 30 (77%) were atopic, i.e., had a positive reaction to at least one allergen in skin prick test. Their mean (SD) age was 10.7 (1.9) years, their mean height was 141 (11) cm, and their mean weight was 38.5 (10.7) kg. In spirometric lung function measurements, their mean (SD) FEV 1 value was 89.0 (13.0)% from the predicted value, and MMEF value 76.8 (20.7)% from the predicted value for Finnish children (Salorinne, 1989) . During the follow-up, their mean (SD) daily PEF variability (difference between morning and evening PEF divided by their mean) was 4.50 (2.32)% and the mean (SD) coefficient of variation of morning PEF was 5.35 (2.13)%.
The number of particles was very large especially in the smallest size classes ( (Fig. 1 ). Higher levels of most pollutants were observed in February, when it was also colder and many inversion situations occurred (Fig. 1) . The daily concentrations of CO, NO, NO 2 , and BS and particle number concentrations in size ranges between 0.032 and 0.32 m and between 1.0 and 10.0 m were highly intercorrelated (Figs. 1 and 2; Table 2 ). Also the intercorrelations of particle number concentrations in these size ranges are very high. Clearly lower correlations are observed with the smallest particles and with particles in the size range between 0.32 and 1.0 m (PN0.32-1.0). PN0.32-1.0 (accumulation mode particles) had also the lowest correlation with temperature, but the highest correlation with SO 2 indicating the origin of those particles to be mainly longrange transport.
The highest peak in PM10 was observed toward the end of the study period, but this peak is reflected only in the two highest size classes (Figs. 1 and 2) . Also the correlations of PM10 with the particle number concentrations are only moderate (Table 2 ).
All lags of PM10 were negatively associated with morning PEF with the 2-day lag and the 4-day average reaching statistical significance (Table 3) . For BS, the regression coefficient of the 2-day lag was significant and negative, but for lags 1 and 3 it was positive. The regression coefficients of the 2-day lag of all particle number concentrations are negative, but statistically nonsignificant. Regression coefficients of particles in size ranges between 0.032 and 0.32 m and 1.0 and 3.2 m are close to statistical significance and of similar magnitude as the regression coefficients of PM10 and BS. The regression coefficients are smallest in the smallest size fraction and in the size range between 0.10 and 1.0 m. This agrees with the overall finding from the correlation matrix (Table 2) .
Lag 1 of all indicators of particulate pollution was negatively associated with evening PEF (Table 4) . The associations were strongest, but not quite significant for size ranges between 0.032 and 0.32 m.
There were 6 missing days in the particulate number concentration data. These missing data were modeled using hourly data of NO, NO 2 , BC, minimum temperature, and wind speed. One day could be modeled with all these covariates, 3 days with NO, NO 2 , temperature, and wind speed and 2 days with BC, temperature, and wind speed. The R 2 of the models was 0.83-0.88 for PN0.032-0.10 and 0.80-0.85 for PN1.0-3.2. After imputation of the modeled values, the adjusted 2-day lag regression coefficient (SE) of PN0.032-0.10 for morning PEF was −0.991 (0.545), and that of PN1.0-3.2 was −0.841 (0.538). The imputation had also little effect on the regression coefficients of other time lags or on regression coefficients of the other particle size classes.
During the study period there were some days when particle levels were clearly above the usual levels ( Figs. 1 and 2) . Examination of residual plots revealed that these days had a large influence on the estimated regression coefficients. We therefore repeated the analyses on morning PEF after excluding from the analysis the three highest values of PM10, BS, and all particle number concentrations. As highest values in most particle fractions were observed during the same days, this meant excluding 5 days from the analysis. After this exclusion, no signifi- (Table 5) . Regression coefficients were also close to zero, except for the 4-day average of PM10 (Table 5) .
DISCUSSION
In the present study, daily variations in PM10, BS, and particle number concentrations in size ranges between 0.032 and 0.32 m and between 1.0 and 10.0 m were highly intercorrelated, as they all originated primarily from traffic (Hosiokangas et al., 1995) . All these pollutants tended also to be associated with declines in morning PEF. However, the only statistically significant associations were observed with PM10 and BS. Different time lags of PM10 were also most consistently associated with declines in PEF.
Although epidemiological studies have consistently showed associations of PM10 with health effects at concentrations of 100 g/m 3 and below, past toxicological and controlled human exposure studies provide little support for the suggestion that such low levels would have clinical significance (Utell and Frampton, 1995) . Possible explanations for this dis-
FIG. 1. Daily levels of PM10 (g/m
3 ), black smoke (g/m 3 ), and NO 2 (g/m 3 ); daily minimum temperature (°C); and mean daily deviation of morning peak expiratory flow rate (liters/min) during the study period.
crepancy include the suggestion that health effects are primarily observed in the most susceptible populations, e.g., among those with compromised respiratory function or circulation (Schwartz, 1994) . Based on animal studies and theoretical calculations, a potential explanation is the very high levels of ultrafine particles in the urban air (Seaton et al., 1995) . An alternative explanation is that the chemical composition of the particles, especially chemicals attached to the surface of the particles, determines their health effects (Tepper et al., 1994) . In that case, the size distribution of particles is of crucial importance, as different size fractions of the particles may have different chemical composition and are differentially deposited in the lungs.
It has been shown that fumes from thermodegradation of Teflon produces acute inflammation, hemorrhage, edema, and death in rats. This effect is probably due to the large number of ultrafine particles in fumes (Warheit et al., 1990; Oberdörster et al., 1995) . These effects were observed after 30 min of exposure to concentrations of 0.7-1.0 × 10 6 1/cm 3 with a median particle size 0.026 m. Compared to the present study, this concentration is only about 10 times higher than the highest observed daily concentration and only two to four times higher that the highest hourly concentrations during rush hours. Also studies using TiO 2 have indicated that particles in the ultrafine size range are more toxic than larger particles, at equivalent masses (Ferin et al., 1990) .
FIG. 2. Daily particulate number concentrations (liters/cm
3 ) in six size classes during the study period.
The reason may be the higher number of ultrafine particles per unit of mass. For example, at a concentration of 150 m/m 3 , if the particles have an aerodynamic size range of 5 m, only 1-2 particles per 1000 alveolar macrophages are deposited in the lung, in contrast to 100-161 particles per 1000 alveolar macrophages, if the particles have an aerodynamic diameter of 0.1 m (Miller et al., 1995) .
It has therefore been hypothesized that ultrafine particles are associated with health effects through their large numbers and preferential deposition on the periphery of lungs, which may overload alveolar macrophage mediated clearance mechanisms and result in higher translocation of these particles into interstitium, leading to inflammation (Ferin et al., 1992; Oberdörster et al., 1995) . Alternatively, effects on alveolar macrophage-mediated clearance may also be due to increased reactivity of ultrafine particles interacting with target cells. The health end point used in the present study was peak expiratory flow, which reflects mainly bronchoconstriction in the medium size airways and it may be possible that Note. Regression coefficients and standard errors (SE) are multiplied by the interquartile range of the concentration of the pollutant. a Adjusted for autocorrelation and time trend, minimum temperature, relative humidity, and weekend. *P < 0.05. **P < 0.01. ***P ‫ס‬ 0.10. PEF is not the correct health end point for all particle size fractions. However, increased inflammation in the alveoli can also induce bronchoconstriction in the airways, and it is also possible that particles in several size fractions contribute to the health effects of PM10 pollution, possibly through different mechanisms (Oberdörster et al., 1995) . There are no previous published studies relating concentrations of ultrafine particles with health effects in humans. However, preliminary results from a diary study of 23 asthmatic adults in Erfurt, former East Germany, suggest that the concentration of particles smaller than 0.1 m may be more strongly associated with PEF and symptoms than coarse particles (Peters et al., 1995 (Peters et al., , 1996 . One potential explanation for the stronger association of ultrafine particles in the Erfurt study (Peters et al., 1995 (Peters et al., , 1996 than in the present study is the difference in the sources of ultrafine particles. In the present study, ultrafine particles were mostly primary emissions from automobiles. Although the measurement site was at least 50 m from closest roads, the ultrafine particle concentrations were probably highly influenced by traffic density in the nearby streets, as ultrafine particles are accumulated to larger particles quite rapidly. Therefore variations in the concentration of ultrafine particles at the measurement site may be a poor surrogate for exposure to ultrafine particles among all children in the study. This would lead to smaller effect estimates due to regression dilution bias and larger standard errors. Several studies, including the present one, have shown very high correlations for PM2.5 between different measurement sites (Reponen et al., 1996) , but there are very little similar data for ultrafine particles. In Erfurt, the main Note. Regression coefficients and standard errors (SE) are multiplied by the interquartile range of the concentration of the pollutant. a Adjusted for autocorrelation and time trend, minimum temperature, relative humidity, and weekend. ***P < 0.10.
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source of particles is coal burning in energy production (Peters et al., 1995) . Therefore, these emissions may be spatially and temporarily more evenly distributed. The major weakness of the present analyses is that variations in daily air pollution levels were only limited to a few days. After excluding these days with relatively high pollution levels, associations between air pollution and peak expiratory flow disappeared. However, the excluded days were not a single episode, but scattered throughout the study period, which suggests that the observed associations are real. After exclusions, the variability in air pollution levels was possibly too small to be able to detect significant associations with PEF. The mean and maximum 24-hr concentrations of PM10 were also relatively low in the present study. However, the average concentration of ultrafine particles in size range 0.01-0.1 m was even higher than in Erfurt (Peters et al., 1995) .
In the present analysis, the concentration of particle numbers, instead of the mass concentration, was used. These number concentrations can be converted into surface area, volume, or mass concentrations. Within each size fraction, these converted values have perfect correlations with the number concentration, as the conversion is only a pure mathematical transformation. Therefore, using these converted values would have produced results identical to those presented here.
The situation is different when cumulative indexes of particles are calculated, as the smaller size fractions have very large numbers of particles, but larger particles have larger mass. The number concentrations in different size fractions are highly intercorrelated; therefore, cumulative number concentrations are even more highly intercorrelated. The cumulative mass concentrations are less correlated, but they require assumptions as to the density of particles in different size fractions on different days. As the aim of the present analysis was to compare the health effects of variations in particle number concentrations in different size fractions, it was decided to analyze each size fraction separately.
In the present study on asthmatic children, number concentrations of ultrafine particles were more strongly associated with variations in PEF than PM10 or BS, as has earlier been suggested (Seaton et al., 1995) . Different particle size fractions were, however, highly intercorrelated. Further epidemiological studies should aim at obtaining data, where these intercorrelations would be lower. This can be done by repeating the studies in multiple locations and over longer time periods. When different particle size fractions originate from different sources, the chemical composition of different particle size fractions should also be determined.
